Wound healing is a complex process that is characterized by an initial inflammatory phase followed by a proliferative phase. This transition is a critical regulatory point; however, the factors that mediate this process are not fully understood. Here, we evaluated microRNAs (miRs) in skin wound healing and characterized the dynamic change of the miRNome in human skin wounds. miR-132 was highly upregulated during the inflammatory phase of wound repair, predominantly expressed in epidermal keratinocytes, and peaked in the subsequent proliferative phase. TGF-b1 and TGF-b2 induced miR-132 expression in keratinocytes, and transcriptome analysis of these cells revealed that miR-132 regulates a large number of immune response-and cell cycle-related genes. In keratinocytes, miR-132 decreased the production of chemokines and the capability to attract leukocytes by suppressing the NF-kB pathway. Conversely, miR-132 increased activity of the STAT3 and ERK pathways, thereby promoting keratinocyte growth. Silencing of the miR-132 target heparin-binding EGF-like growth factor (HB-EGF) phenocopied miR-132 overexpression in keratinocytes. Using mouse and human ex vivo wound models, we found that miR-132 blockade delayed healing, which was accompanied by severe inflammation and deficient keratinocyte proliferation. Together, our results indicate that miR-132 is a critical regulator of skin wound healing that facilitates the transition from the inflammatory to the proliferative phase.
Introduction
Wound healing is a fundamental physiological process that maintains the integrity of the skin and includes a series of well-orchestrated biological and molecular events (1) . The first stage of wound healing is hemostasis and formation of a provisional wound matrix (up to several hours after injury), which initiates the inflammatory phase (1-3 days after injury). Inflammation is essential to clear invading microorganisms and tissue debris, and this phase can be divided into an early phase with neutrophil infiltration and a late phase characterized by the recruitment and differentiation of monocytes. The subsequent proliferative phase (4-21 days after injury) focuses on reepithelialization, formation of granulation tissue, and restoration of the vascular network. The wound repair process ends with the formation of a scar in the remodeling phase, which occurs from day 21 and can last up to 1 year after injury (1) . During healing, the transition from the inflammatory to the proliferative phase is a key control point and can determine the outcome of wound healing. Resolution of inflammation at the early phase of healing facilitates the transition of the wound into the subsequent proliferative phase (1) . In contrast, excessive and persistent inflammation results in failure to enter the proliferative phase, which may lead to a chronic, nonhealing wound (1, 2) . Chronic wounds affect 0.2% to 1% of the population in developed countries, representing a rising health and economic burden for society (1) . Thus, identification of novel therapeutic targets for wound healing is a major medical need.
During skin wound healing, epidermal keratinocytes not only participate in reepithelialization, but also play an active and critical role in the innate immune response (2) . It has been shown that injury is a major inducer of the release of inflammatory cytokines (e.g., CXC chemokine ligand 1 [CXCL1] and IL-8) by epidermal keratinocytes, which results in rapid recruitment of neutrophils to the wound site and keeps the wound free of infection (3) . On the other hand, the immune cells at the wound site also significantly affect the migration and proliferation of keratinocytes by releasing a variety of growth factors and cytokines such as EGF, FGF-2, and TGF-β (2) . In chronic wounds, the constant inflammatory state results in deregulated differentiation and activation of keratinocytes (4) . Therefore, the proper crosstalk between keratinocytes and immune cells is considered crucial for wound repair.
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MicroRNA-132 enhances transition from inflammation to proliferation during wound healing Dongqing Li, 1 Aoxue Wang, 1,2 Xi Liu, 1 Florian Meisgen, 1 Jacob Grünler, 3 Ileana R. Botusan, 3 Sampath Narayanan, 3 Erdem Erikci, 4 Xi Li, 1 Lennart Blomqvist, 5 Lei Du, 6 Andor Pivarcsi, 1 Enikö Sonkoly, 1 Kamal Chowdhury, 4 Sergiu-Bogdan Catrina, 3, 7 Mona Ståhle, 1 and Ning Xu Landén 1 modulation of miR expression by administration of specific miR mimics or inhibitors may have beneficial effects in a wide variety of diseases. Therefore, miRs represent promising new therapeutic targets (6) .
To develop miR-targeted therapies for skin wounds, the roles of miRs in skin wound healing need to be elucidated. To date, several miRs have been implicated in the biology of skin wound healing using different cell culture and animal model systems (reviewed in ref. 7) . However, the dynamic changes in miR expression levels in vivo during wound healing in humans remain unexplored. Here, we reveal marked changes in global miR expression in the inflammatory phase of human skin wound healing and identify miR-132 as a major molecular regulator in human keratinocytes with a critical role in facilitating the transition from inflammation to proliferation.
Results
Dynamic miRNome changes during the inflammatory phase of human skin wound healing. To study miR expression during human skin wound healing, we created in vivo surgical wounds in the skin of 14 healthy volunteers and collected the tissue around the wounds at different time points after injury that were selected to represent the sequential phases of skin wound healing: hemostasis (0 hour), inflammation (24 hours), proliferation (1 week), and remodeling (1 month) (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI79052DS1).
We performed a TaqMan MicroRNA low-density array (TLDA) to compare the expression of 754 miRs in skin from 5 healthy donors at 0 and 24 hours after injury ( Figure 1 ). Unsupervised hierarchical clustering based on miR expression clearly separated 24-hour-old wounds from 0-hour-old wounds ( Figure 1 ). By using the significance analysis of microarrays (SAM) algorithm to analyze the array data, we identified 24 upregulated and 31 downregulated miRs in the 24-hour-old wounds relative to the 0-hour-old wounds (fold change >1.7, FDR <5%) (Table 1) . Notably, several miRs identified by us in Table 1 have previously been shown to regulate various biological processes related to skin wound healing; these include upregulated miR-15b, miR-16, and miR-20b (8, 9) and downregulated miR-210 and miR-146a (10, 11) .
Expression pattern of miR-132 during skin wound healing. Next, we focused on one of the most upregulated miRs in the inflammatory phase, miR-132 (Table 1) , whose function(s) remains unexplored in the skin. We first characterized its expression pattern throughout the entire healing process. By performing quantitative real-time PCR (qRT-PCR) on a set of RNA isolated from wound biopsies from 7 healthy donors at 0 hours, 24 hours, 1 week, and 1 month after injury, we confirmed a significant upregulation (2.8-fold change, P = 1.04 × 10 -9 ) of miR-132 expression in the wounds in the inflammatory phase (24 hours) compared with that observed in the 0-hour-old wounds (Figure 2A ). Interestingly, expression levels of miR-132 were further increased in the proliferative phase (1 week) relative to those in the inflammatory phase (1.8-fold change, P = 0.04) ( Figure 2A ). When the wound entered the remodeling phase (1 month), miR-132 expression levels decreased compared with the levels observed in the proliferative phase (0.45-fold change, P = 0.01), although they were still higher than in the 0-hour-old wounds (2.2-fold change, P = 0.01) ( Figure 2A ). Using qRT-PCR, we also analyzed the expression of primary miR-132 transcripts (pri-miR-132), from which mature miR-132 is processed, in the same wound biopsies. We found that expression levels of pri-miR-132 in the wounds were upregulated after 1 week and then decreased 1 month after wounding ( Figure 2B ). The expression of pri-miR-132 positively correlated (R = 0.59, P = 0.004) with the expression of mature miR-132 (Supplemental Figure 1B) . These data indicate that regulation of miR-132 expression in wounded skin may occur at both the transcriptional level and during processing of the primary transcripts.
In order to reveal which cell type(s) are primarily responsible for the changes in miR-132 expression levels during wound healing, we performed in situ hybridization (ISH) with miR-132-specific locked nucleic acid-modified (LNA-modified) probes on skin wound sections obtained from 7 healthy individuals ( Figure 2C ). The miR-132 signal was mainly detected in epidermal keratinocytes. In accordance with our PCR data, miR-132 expression levels were low in the 0-hour-old wounds, but gradually increased in the wounds collected 12 hours after injury. In the proliferative phase (7 days), the expression of miR-132 reached its peak and subsequently diminished 14 days after wounding ( Figure 2C ). Taken together, the results of our qRT-PCR and ISH analyses demonstrate that miR-132 expression levels are tightly regulated in epidermal keratinocytes at the wound edge, increase during the inflammatory phase, and peak during the proliferative phase.
miR-132 expression is induced by TGF-β in keratinocytes. To understand the mechanism(s) regulating miR-132 expression in keratinocytes at the wound edge, we systematically surveyed the effect of factors and conditions previously shown to regulate skin wound healing on miR-132 expression in keratinocytes. Human primary keratinocytes were treated with cytokines (IL-1α, IL-1β, IL-4, IL-6, IL-10, IL-13, IL-17a, IL-17f, IL-20, IL-21, IL-22, IFN-γ, TNF-α, TGF-β1, and TGF-β2), growth factors (EGF and KGF), and keratinocyte differentiation-driving factors (1.5 mM CaCl 2 and 12-O-tetradecanoylphorbol-13-acetate [TPA]), and miR-132 expression levels were analyzed by qRT-PCR (Supplemental Figure  2 ). We found that miR-132 expression was significantly increased only by TGF-β1 and TGF-β2 ( Figure 2D ), but not by the other factors (Supplemental Figure 2 ). It has been shown that TGF-β is upregulated in skin wounds and plays a crucial role in regulating keratinocyte migration and proliferation during reepithelialization (12) . Here, we measured the expression of TGF-β in human wound biopsies and confirmed that both TGF-β1 ( Figure 2E ) and TGF-β2 ( Figure 2F ) were upregulated in skin wounds, although with different kinetics. Moreover, we show that TGF-β also induced the expression of pri-miR-132 in keratinocyte culture, indicating that TGF-β regulates miR-132 gene transcription ( Figure 2G ). Importantly, when the TGF-β receptor was specifically blocked by a chemical inhibitor, SB431542, the inducible effect of TGF-β on miR-132 expression was suppressed ( Figure 2H ).
To investigate whether TGF-β regulates miR-132 expression directly or indirectly (e.g., through induction of other secreted mediators), we collected conditioned medium from keratinocytes treated with TGF-β for 48 hours, and the induced expression of miR-132 was confirmed in these cells by qRT-PCR (Supplemental Figure 3A ). We incubated the conditioned medium with untreated miR-132 suppresses keratinocyte chemokine production by regulating the NF-κB pathway. Keratinocytes have important roles in the activation of innate immune responses during wound healing. They can produce inflammatory chemokines to attract immune cells migrating into the wound, which in turn fight infections and contribute to wound healing. Since the results of the transcriptomic analysis revealed a strong effect of miR-132 on immune-associated cellular functions, we analyzed its effect on chemokine production by keratinocytes at both the basal level and under inflammatory conditions, which were mimicked by treatment with TNF-α or IL-1β. qRT-PCR analysis of chemokine expression showed that miR-132 overexpression suppressed mRNA levels of IL8, CXCL5, CXCL1, chemokine (C-C motif) ligand 20 (CCL20), IL1A, IL1B, and TNF in keratinocytes under both basal and inflammatory conditions ( Figure 4A , Supplemental Figure 5A , and Supplemental Figure 6 ). Consistently, the amount of IL-8, CCL20, and CXCL5 secreted into the culture medium was also reduced by pre-miR-132, as shown by ELISA (Supplemental Figure 5B ). In accordance with this finding, inhibition of endogenous miR-132 increased the production of these chemokines by keratinocytes (Supplemental Figure 5C ).
As functional readouts of miR-132 regulated chemokine and cytokine expression, we measured the endothelial cell-activating and leukocyte-attracting capacity of keratinocytes. The first step of recruitment of leukocytes to the injured skin is the attachment of circulating cells to vascular endothelial cells, which is mediated by cell-adhesion molecules such as vascular cell adhesion protein 1 (VCAM1) and E-selectin (SELE) (18) . We measured the expression of these 2 genes in HUVECs incubated with conditioned medium from keratinocytes overexpressing miR-132 and demonstrated that miR-132 decreased the capacity of keratinocytes to induce the expression of these cell-adhesion molecules in endothelial cells ( Figure 4B ), which is in line with the evidence showing miR-132-mediated downregulation of CXCL1, CXCL5, and IL-8, the chemokines important for endothelial cell activation (19) . Moreover, we performed chemotaxis assays with neutrophils ( Figure 4C ) and mononuclear cells (Supplemental Figure 5D ) isolated from human peripheral blood using conditioned supernatants from pre-miR-132-treated keratinocytes. It has been shown that CXCL1, CXCL5, and CXCL8 attract neutrophils, whereas CCL20 attracts mononuclear cells (19) . Accordingly, we found that supernatants from keratinocytes with increased miR-132 expression attracted fewer neutrophils and mononuclear cells compared with medium from control-treated cells. Altogether, these results suggest that increased miR-132 expression levels suppress inflammation during wound healing by reducing chemokine and cytokine production by keratinocytes, which results in decreased leukocyte recruitment.
We next aimed to identify the signaling pathway(s) mediating the antiinflammatory effect of miR-132 on keratinocytes. Among the transcripts significantly regulated by miR-132 in keratinocytes, several are known to be regulated by the NF-κB pathway (e.g., IL8, CXCL5, CCL20, IL1B, and CXCL1) (Supplemental Table 1 ). We therefore performed gene set enrichment analysis (GSEA) (20) to evaluate enrichment of the known NF-κB pathway target genes in the microarray data (21) . The results of this analysis demonstrated that NF-κB pathway target genes keratinocytes for 6 to 48 hours (Supplemental Figure 3B ). The levels of miR-132 expression in the recipient keratinocytes were unchanged, which excludes the possibility that the inducible effect of TGF-β on miR-132 expression is mediated by other soluble factors secreted by keratinocytes after TGF-β treatment.
To investigate whether miR-132 is regulated by TGF-β in vivo, we measured miR-132 expression in the skin of K5.TGF-β1 Tg mice, which overexpress TGF-β1 in an epidermis-specific manner (13, 14) . qRT-PCR results showed that miR-132 expression levels were increased 3.3-fold (P = 0.002) in the skin of K5.TGF-β1 mice compared with the levels detected in their WT littermates ( Figure 2I ). Moreover, we found that blocking TGF-β receptors in vivo by injecting SB431542 into the wound edges in C57BL/6N mice abolished injury-induced miR-132 expression in vivo ( Figure 2 , J and K). Collectively, our results suggest that increased levels of TGF-β in wounds contribute to the upregulation of miR-132 in keratinocytes at the wound edge.
Characterization of the transcriptome regulated by miR-132 in keratinocytes. To study the role(s) of miR-132 in the cellular processes involved in wound healing, we overexpressed or inhibited endogenous miR-132 by transfecting synthetic miR-132 precursor RNA (pre-miR-132) or miR-132-specific inhibitor (anti-miR-132) into human primary keratinocytes, respectively. The overexpression and inhibition of miR-132 in keratinocytes were confirmed by qRT-PCR (Supplemental Figure 4 , A and B) and by a luciferase reporter assay using a synthetic miR-132 target as the sensor (Supplemental Figure 4C ).
We first performed global transcriptomic analysis of human primary keratinocytes upon overexpression of miR-132 using Affymetrix arrays, which identified 489 genes whose levels were significantly (fold-change ≥1.2, FDR <5%) regulated by miR-132 in keratinocytes ( Figure 3A and Supplemental Table 1 ). Using the TargetScan target prediction algorithm (15) , we found that 31 of 210 genes downregulated by miR-132 contained potential binding sites for miR-132, whereas only 1 of 279 genes upregulated by miR-132 was predicted to be targeted by miR-132 ( Figure  3A ). We also examined the correlation between the presence of miR-132-binding sites and the degree of mRNA regulation and found that mRNAs containing miR-132-binding sites displayed greater reductions in expression levels than did any of the genes in this array ( Figure 3B ). Moreover, according to the DIANA-mirExTra algorithm (16) , we found that miR-132-binding sites were more enriched in the genes downregulated by miR-132 than in those upregulated or not changed by miR-132 ( Figure 3C ). Altogether, these results suggest that this transcriptomic profiling is specific and sensitive for detecting the genes regulated by miR-132.
Next, we performed gene ontological analysis to classify the genes regulated by miR-132 according to their known functions (17) . The 10 most enriched biological processes for the genes downregulated and upregulated by miR-132 in keratinocytes are listed in Figure 3 , D and E, respectively. Interestingly, for the genes downregulated by miR-132, immune response-related genes were the most enriched ( Figure 3D ); for the genes upregulated by miR-132, all enriched processes were related to the cell cycle ( Figure 3E ). These results prompted us to further explore the potential role(s) of miR-132 in the immune response and in the proliferation of keratinocytes. jci.org Volume 125 Number 8 August 2015
were significantly enriched among the genes downregulated by miR-132, and a negative enrichment score curve was generated (P < 0.05) ( Figure 4D ). This suggests that miR-132 negatively regulates NF-κB pathway activity. Next, we tested this hypothesis by measuring the effect of pre-miR-132 on NF-κB-dependent luciferase reporter gene expression in keratinocytes. The results of the luciferase assays showed that overexpression of miR-132 suppressed both basal and TNF-α-induced luciferase activity, demonstrating that miR-132 is a negative regulator of the NF-κB pathway in keratinocytes ( Figure 4E ). Furthermore, we analyzed the effect of miR-132 on the critical steps of NF-κB signaling. We treated keratinocytes with TNF-α, which activated the NF-kB pathway by phosphorylating the inhibitor of NF-κB (IκB) and subsequently resulted in Next, we compared miR-132-overexpressed cells with cells transfected with control oligos ( Figure 5F , black versus white bars). miR-132 overexpression did not induce the same level of Ki-67 expression in the inhibitor-treated cells as it did in the DMSOtreated cells (1.9-fold). For example, miR-132 overexpression increased Ki-67 by 1.1-fold with ERK inhibition, 1.4-fold with STAT3 inhibition, and 1.4-fold with EGFR inhibition, indicating that the function of miR-132 is compromised when these pathways are blocked and suggesting that the proproliferative effects of miR-132 may be mediated through these pathways.
To test whether miR-132 directly acts on EGFR, ERK, and STAT3 signals, we overexpressed miR-132 in keratinocytes and detected its effects on the phosphorylation of EGFR, ERK, and STAT3 in keratinocytes treated with EGF or TNF-α, both of which reflect the activation status of these pathways. Both Western blotting ( Figure 5G and Supplemental Figure 7D ) and immunofluorescence staining ( Figure 5H ) showed that overexpression of miR-132 increased the phosphorylation of EGFR, STAT3, and ERK, suggesting that miR-132 promotes keratinocyte proliferation by increasing the activity of these signals.
HB-EGF is targeted by miR-132 in keratinocytes. Since miRs exert their biological functions by regulating their target genes, we aimed to identify the gene(s) directly targeted by miR-132 that may be responsible for the observed functional effects. Among the transcripts containing predicted miR-132-binding sites that were downregulated by miR-132 in keratinocytes (Supplemental Table 1 ), heparin-binding EGF-like growth factor (HB-EGF) occupies a top position. HB-EGF is one of the ligands that binds to and activates EGFR (25) . The TargetScan algorithm identified 2 conserved binding sites for miR-132 in the 3′-UTR of HB-EGF ( Figure 6A ). Moreover, HB-EGF has been previously demonstrated as a direct target of miR-132 in human mast cells (26) . Therefore, we set out to examine whether HB-EGF is also targeted by miR-132 in human keratinocytes. We performed 3′-UTR luciferase reporter assays with luciferase reporter constructs containing the full-length 3′-UTR of HB-EGF mRNA in human primary keratinocytes ( Figure 6B ). We observed that WT HB-EGF 3′-UTR luciferase activity was decreased 3-fold (P = 0.0001) by pre-miR-132 compared with control precursor RNA (pre-miR-Ctrl). Mutation of either of the predicted target sites (Mut1 or Mut2) completely abolished the effect of miR-132 on reporter gene expression. These data demonstrate that miR-132 directly targets HB-EGF expression in human keratinocytes.
Furthermore, we analyzed the expression of HB-EGF in keratinocytes transfected with pre-miR-132 or anti-miR-132, followed by treatment with TNF-α. qRT-PCR results showed that TNF-α induced the expression of HB-EGF mRNA, while miR-132 suppressed it ( Figure 6C ). Like the other EGFR ligands, HB-EGF protein is first synthesized as a membrane-bound precursor that is further cleaved by metalloproteinase to produce the soluble mature form (25) . Therefore, we performed Western blotting to analyze the amounts of total and cell surface HB-EGF protein in keratinocytes ( Figure 6 , D and E). Also, we performed ELISA to examine the mature form of HB-EGF secreted in the culture medium of keratinocytes ( Figure 6F ). These protein data further confirm that miR-132 downregulates HB-EGF expression in keratinocytes. Moreover, we performed qRT-PCR to analyze HB-EGF its degradation. This allowed NF-κB subunits, including p65, to translocate into the nucleus and induce the expression of proinflammatory genes (22) . We found that overexpression of miR-132 decreased the level of phosphorylated IκB and its degradation ( Figure 4F ). In line with this, less p65 was phosphorylated ( Figure 4G ) and entered nuclei (Figure 4 , H and I) in the keratinocytes transfected with pre-miR-132 compared with those transfected with control oligos. Collectively, these data demonstrate that miR-132 inhibits NF-κB pathway activity and provide an explanation for the mechanism of action of miR-132 in chemokine production in keratinocytes.
miR-132 promotes keratinocyte growth by regulating STAT3 and ERK pathways. The large number of genes related to cell proliferation and cell cycle among the miR-132-regulated genes suggests that miR-132 may be involved in the regulation of keratinocyte growth. To test this, we analyzed the proliferation rate by 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay for the keratinocytes transfected with pre-miR-132 or control oligos ( Figure 5, A and B) . Overexpression of miR-132 resulted in a 1.8fold increase (P = 1.7 × 10 -7 ) in the percentage of EdU-positive cells compared with keratinocytes transfected with control oligos ( Figure 5B ), indicating that miR-132 increases cell proliferation. Cell cycle distribution analysis revealed that overexpression of miR-132 resulted in a significant decrease in the percentage of cells in the G1 phase, but an increased percentage of cells in the S phase ( Figure 5B ), suggesting that overexpression of miR-132 promotes progression of the cell cycle from the G1 to the S phase. Moreover, we analyzed the expression of Ki-67, a marker of cellular proliferation (23), in keratinocytes with overexpressed or inhibited miR-132 ( Figure 5C and Supplemental Figure 7A ). In line with the results of the EdU incorporation assay, we found that Ki-67 expression was increased by the overexpression of miR-132 (1.9-fold change, P = 0.001), but was decreased by the inhibition of endogenous miR-132 (0.81-fold change, P = 0.038). We next performed a colony formation assay to determine the effect of miR-132 on the long-term growth of keratinocytes. Overexpression of miR-132 increased ( Figure 5 , D and E), whereas inhibition of miR-132 suppressed the colony-forming capacity of human primary keratinocytes (Supplemental Figure 7 , B and C). Taken together, these results demonstrate that miR-132 can regulate keratinocyte growth, which is reflected by both an immediate increase in cell cycle progression and long-term promotion of self-renewal.
To explore the mechanisms underlying the observed proproliferative effects of miR-132, we used specific chemical inhibitors, which target pathways known to regulate cell proliferation such as EGFR and its downstream signaling pathways, including the ERK, PI3K, PKC, and STAT pathways (24) . Keratinocytes transfected with pre-miR-132 or control oligos were treated with SB203580 for p38 MAPK, SP600125 for JNK, U0126 for ERK, WP1066 for STAT3, Ro-31-8220 for PKC, wortmannin for PI3K, and PD153035 for EGFR ( Figure 5F ). Next, we analyzed the expression of Ki-67 by qRT-PCR. By comparing the inhibitor-treated cells with DMSO-treated cells ( Figure 5F , black bars), we identified the pathways critical for cell proliferation, i.e., EGFR, JNK, ERK, STAT3, and PI3K, since Ki-67 expression was significantly reduced when these pathways were blocked. jci.org Volume 125 Number 8 August 2015
keratinocyte growth, in accordance with a previous study by Stoll et al. (27) . In line with this, we found that silencing of HB-EGF expression increased EGFR, STAT3, and ERK signaling, as shown by both Western blotting ( Figure 7C and Supplemental Figure 8C ) and immunofluorescence staining ( Figure 7D ). Moreover, we analyzed the effects of HB-EGF on chemokine production by keratinocytes ( Figure 7E ) and found that IL8, CCL20, and CXCL5 mRNA levels were reduced by silencing HB-EGF. We also analyzed NF-κB pathway activity and found that silencing of HB-EGF, similar to overexpression of miR-132, suppressed NF-κB signal activation, which may explain the effects of HB-EGF on chemokine production ( Figure 7F ).
Altogether, our results demonstrate that silencing of HB-EGF can mimic the effects of miR-132 overexpression in keratinocytes, i.e., inhibit inflammation, promote cell growth, and regulate EGFR, STAT3, ERK, and NF-κB pathway activity. Therefore, these findings suggest that HB-EGF is an important target for miR-132 function in keratinocytes. expression in human wound biopsies collected from healthy donors at different time points after injury ( Figure 6G ). We found that HB-EGF was induced 24 hours after injury (inflammatory phase); however, its levels decreased after 1 week (proliferative phase) and reached the basal level 1 month (remodeling phase) after injury ( Figure 6G ). Given the expression pattern of miR-132 during the wound-healing process (Figure 2A) , in which miR-132 expression levels increased at 24 hours and reached their peak 1 week after injury, we hypothesize that miR-132 may act as a feedback mechanism that dampens HB-EGF expression in the proliferative phase of the skin wound-healing process.
To determine whether HB-EGF can mediate the observed biological effects of miR-132, we silenced HB-EGF expression using a specific siRNA. An efficient decrease in HB-EGF expression levels was confirmed by qRT-PCR and Western blotting (Supplemental Figure 8, A and B) . Silencing of HB-EGF increased the expression of Ki-67 ( Figure 7A ) and the colony-forming ability of keratinocytes ( Figure 7B ), indicating that HB-EGF suppresses with those in WT mice ( Figure 8C ). Keratinocytes from KO mice produced significantly higher amounts of Ccl20, Cxcl5, Tnf, Cxcl1, Il1a, and IL1b mRNA than did those from WT mice when treated with TNF-α ( Figure 8C ). Consistently, by analyzing RNA from the mouse skin biopsies, we found that Ccl20 mRNA levels were significantly higher in the skin of KO mice compared with that of WT mice ( Figure 9B ). Next, we compared the wound-healing process between KO and WT mice. We observed that the healing speed of KO mice (n = 9) was slower than that of their WT littermates (n = 6) (P = 0.04) ( Figure 9A ). We collected skin biopsies 2 days after injury, when the first difference in wound-healing rates was observed. We found that injury increased mRNA expression levels of Ccl20, Cxcl5, Tnf, Cxcl1, Il1a, and Il1b and that there was a higher amount of these chemokines and cytokines in the wounds of KO mice (n = 9) compared with those of WT mice (n = 5) ( Figure 9B ). We further characterized the phenotypes of infiltrating leukocytes in the 2-day-old wounds by staining the specific immune cell markers, i.e., Gr-1 for neutrophils, CD68 for macrophages, and CD4 for Th cells. We found an increased number of neutrophils infiltrating into the wound beds of KO mice compared with WT mice ( Figure  9C ), even though their intrinsic ability to migrate toward chemoattractants was not affected by miR-132 KO ( Figure 9D ). This may be Lack of miR-132 delays skin wound healing in vivo. To study the function of miR-132 in the skin in vivo, we used a mouse line containing a genetic deletion of the miR-132 locus (28) . The lack of miR-132 expression in the skin of this mouse line was confirmed by qRT-PCR (Supplemental Figure 9 ). We collected skin biopsies from miR-132-KO mice ( n = 9) and their WT littermates (n = 5) and performed histological analysis. We found that the epidermis of the KO mice was significantly (P = 0.007) thinner compared with that of the WT mice ( Figure 8A ). H&E staining of the skin sections revealed that the epidermis of the WT mice was composed of 2 to 4 layers of keratinocytes, compared with 1 to 2 layers on average for the KO mice ( Figure 8A) . The thin epidermis phenotype in the KO mice reflects impaired proliferation of keratinocytes during skin development, which was confirmed by staining for the proliferation marker Ki-67, i.e., there were fewer Ki-67-positive cells present in the basal layer of the epidermis of the KO mice compared with that of the WT mice ( Figure 8B ). Consistently, we also observed increased expression of the miR-132 target HB-EGF in the epidermis of the KO mice in comparison with that of the WT mice ( Figure 8B ). Furthermore, we isolated keratinocytes from the mouse skin and analyzed their biological behavior in vitro. Hbegf mRNA levels in keratinocytes from KO mice were increased compared wounds ( Figure 10B ). In line with the data obtained from miR-132-KO mice, injection of miR-132 inhibitors significantly reduced Hbegf expression ( Figure 10C ), wound-healing speed ( Figure 10D ), and keratinocyte proliferation (Ki67 + ) at the wound edge ( Figure 10E ), while these inhibitors increased the expression of inflammatory cytokines such as Il1b and Tnf in the wounds ( Figure 10F ). Moreover, we injected recombinant HB-EGF protein into the wound edges of WT mice (Supplemental Figure 10A) , which also led to increased inflammatory cytokine expression (Supplemental Figure 10B) , indicating that HB-EGF is an important target mediating the function of miR-132 in vivo. These results confirm the critical roles of miR-132 expression activation during skin wound repair. During the wound-healing process in mouse skin, contraction of the dermis plays an important role. Herein, we transfected miR-132 inhibitors into mouse dermal fibroblasts, which did not change the contraction capacity of cells, indicating that miR-132 does not primarily affect the contraction of dermal fibroblasts during wound healing (Supplemental Figure 11) .
Taken together, we conclude that lack of miR-132 expression results in delayed skin wound healing, accompanied by severe inflammation and deficient proliferation of keratinocytes.
due to the increased expression by keratinocytes of the neutrophilattracting chemokines IL-8, CXCL1, and CXCL5 in the wounds of miR-132-KO mice ( Figure 9B ). In line with previous studies (29) , we detected few Th cells and macrophages in the 2-day-old wounds and no obvious difference in these cell numbers between the KO and WT mice (data not shown).
Moreover, we observed a decreased number of Ki-67-positive cells and increased expression of Hbegf in the wound-edge epidermis of KO mice compared with that of WT mice ( Figure 9E ). We further stained the phosphorylated ERK (p-ERK) and STAT3 (p-STAT3) in the mice wounds, which showed less activation of these 2 pathways in the wound-edge epidermis of miR-132-KO mice compared with that of WT mice ( Figure 9F ). This is in line with our in vitro data ( Figure 5, G and H) and provides a mechanistic basis for the impaired proliferation observed in the wounds of miR-132-KO mice.
To further examine whether the increased expression of miR-132 in wounds is important for healing, we injected miR-132 inhibitors or control oligos intradermally into the wound edges of WT mice immediately and 4 days after the skin was injured ( Figure  10A ), which efficiently blocked increased miR-132 expression in the Restraining inflammation to an appropriate level is critical for skin wound healing, since excessive and persistent inflammation results in failure to enter the proliferative phase and impairs healing (1, 2) . Here, we show that in human primary keratinocytes, miR-132 suppresses the production of multiple chemokines, such as IL-8, CXCL5, CXCL1, and CCL20, and reduces the capability of keratinocytes to activate endothelial cells and attract neutrophils. The continuous increase in miR-132 expression levels during the inflammatory and proliferative phases of wound healing may contribute to limiting the severity of inflammation and facilitating normal reepithelialization. In line with this, it has been reported that in several types of immune cells (e.g., monocytes, macrophages, and mast cells) and lymphatic endothelial cells, miR-132 expression is induced by different proinflammatory molecules and functions as a negative feedback mechanism to resolve inflammation (reviewed in ref. 33 ). Furthermore, we show that the antiinflammatory effect of miR-132 is mediated through NF-κBs, which are ubiquitous transcription factors held in the cytoplasm in an inactive state by specific inhibitors in resting cells. Upon degradation of the inhibitor, for example in response to certain cytokines such as TNF-α or IL-1β, NF-κB translocates to the nucleus and activates the transcription of inflammatory genes (reviewed in ref. 22 ). p65 is one of the essential transcription factors among the NF-κB family members, and its nuclear translocation and phosphorylation represent the activation of NF-κB signaling (22) . Here, we show that miR-132 suppresses NF-κB pathway activity by measuring its effects on NF-κB-dependent luciferase reporter gene expression, the amount of p65 entering cell nuclei, and the level of phosphorylated p65.
Moreover, we found that miR-132 promoted the growth of keratinocytes. A number of previous reports have suggested that miR-132 can regulate cell proliferation, especially in cancer. For example, in osteosarcoma (34) , ductal carcinoma in situ (35) , and pancreatic cancer (31), miR-132 inhibits cancer cell proliferation. However, in human hemangiomas, miR-132 increases endothelial cell proliferation and tube-forming capacity (36) .
Here, we show that in human keratinocytes, miR-132 promotes cell cycle progression and long-term self-renewal. Transcriptomic analysis revealed that many genes critical for cell proliferation were upregulated by miR-132 in keratinocytes. Moreover, we identified STAT3 and ERK pathways critical for the progrowth effect of miR-132 in keratinocytes. Both STAT3 and ERK convey signals to the nucleus upon stimulation with cytokines and growth factors, leading to transcriptional activation of the downstream genes important for cell proliferation, migration, survival, and oncogenesis (37, 38) . Activation of STAT3 has been shown to promote skin wound healing and tumor development (37) . Here, we show that miR-132 increases the activity of both STAT3 and ERK pathways, thus contributing to the proliferation of keratinocytes.
In this study, we focused on one target of miR-132 -HB-EGF -which is one of the EGFR ligands, in addition to TGFα, amphiregulin (AR), epiregulin (EREG), and β cellulin, that is expressed by keratinocytes in an autocrine fashion (39, 40) . Unlike the other EGFs, overexpression of HB-EGF in keratinocytes was previously reported to lead to a large decrease in cell Inhibition of miR-132 delays reepithelialization of human ex vivo skin wounds. To study whether interference with miR-132 in a complex setting can affect human skin wound healing, we used a human ex vivo wound model. Full-thickness wounds were made on human skin obtained from plastic surgery, and the wounds were excised and transferred to cell culture plates containing medium. Such wounds reproducibly reepithelialize within 4 to 7 days (30) . We treated these wounds topically with miR-132 inhibitors after injury, and the efficiency of miR-132 blocking was confirmed by qRT-PCR ( Figure 11A ). Histological analyses showed that inhibition of miR-132 delayed reepithelialization ( Figure 11B ) and reduced the number of Ki-67-positive cells at the wound edges ( Figure 11C ). Moreover, we found that compared with the control wounds, miR-132 inhibitor-treated wounds expressed more inflammatory chemokines, e.g., CXCL1, CXCL5, and CCL20 ( Figure 11D) . Accordingly, they also had higher levels of HB-EGF ( Figure 11E ). Our data from a human ex vivo wound model further confirm that miR-132 is a critical player during human skin wound healing through its regulation of both keratinocyte proliferation and chemokine production by keratinocytes.
Discussion
In this study, we characterized the dynamic change of the miRNome during the inflammatory phase of human skin wound healing. We focused on one of the most highly upregulated miRs, miR-132, and studied its expression and function in wound healing. Our results suggest a model in which TGF-β induces miR-132 expression in wound-edge keratinocytes. Through the regulation of HB-EGF and other targets, miR-132, on the one hand, decreases NF-kB activity and restricts inflammation and, on the other, increases the activity of STAT3 and ERK, thus promoting cell growth ( Figure 11F ). We conclude that miR-132 may act as a critical regulator facilitating the transition from the inflammatory to the proliferative phase during skin wound healing.
By screening the effects of wound healing-related factors on miR-132 expression in keratinocytes, we found that TGF-β1 and TGF-β2 induced miR-132 expression. TGF-βs are pluripotent cytokines that maintain skin homeostasis, and both TGF-β1 and TGF-β2 are upregulated in wounds, where they promote keratinocyte migration during reepithelialization (reviewed in ref. 12) . It has been shown that TGF-β inhibits epidermal keratinocyte proliferation (12) , whereas here we found that miR-132, which is induced by TGF-β, actually increased keratinocyte proliferation. We hypothesize that induction of miR-132 expression may be a novel way for TGF-β to reduce its negative effect on keratinocyte growth during wound repair, and this will be interesting to test in a future study. Binding of TGF-β to its receptors TβR-II and TβR-I leads to the activation of downstream Smad proteins, which induce the expression of TGF-β target genes (reviewed in ref. 12 ). Recently, it was shown in pancreatic cancer cells that transcription factor Sp1 plays a major role in MIR132 gene expression (31) . In the same cell type, it has been known that TGF-β stimulates formation of the Smad-Sp1 complex, resulting in super induction of Sp1mediated transcription (32) . Since the interaction between Smad and Sp1 is dependent on both cell type and cell-activation state (32) , further study is needed to determine whether Sp1 mediates the induction effects of TGF-β on miR-132 in keratinocytes. jci.org Volume 125 Number 8 August 2015 ical to control the level of HB-EGF in each phase of the repair process. Given the difference between miR-132 and HB-EGF expression patterns during wound healing, we hypothesize that the increase in miR-132 expression may be responsible for the decrease in HB-EGF expression during the proliferative compared with the inflammatory phase. Given its capacity to restrain HB-EGF expression, miR-132 may have a role in assuring the proper proliferation of keratinocytes during wound healing. Next, we validated the importance of miR-132 for skin wound healing in vivo by using a miR-132-KO mouse line, which has been previously characterized with regard to its resistance to pressure overload-induced heart failure (28) and experimental autoimmune encephalomyelitis (43) . No skin phenotype has been described so far. Here, we show that miR-132-KO mice have a thinner epidermis with fewer proliferating cells compared with that of their WT littermates. Upon injury, we observed growth (27) , and our results are in line with this finding. This may be caused by the fact that HB-EGF stimulation sorts the internalized EGFR for degradation, whereas TGFα, AR, EREG, and EGF stimulation leads to EGFR recycling (27, 41) . In our study, we decreased the endogenous expression of HB-EGF in keratinocytes using siRNA, which may reduce EGFR occupancy and/or degradation by HB-EGF. Thus, adding extracellular EGF may induce stronger activation of EGFR and its downstream STAT3 and ERK signaling. Moreover, we found that HB-EGF silencing decreased NF-κB signaling activity and the expression of chemokines, which mimic the effects of miR-132 overexpression in keratinocytes, whereas injection of HB-EGF increased chemokine levels in the wounds in vivo. Notably, we show that the expression of HB-EGF is increased in human skin wounds in accordance with previous results (42) . Because of the antiproliferative and proinflammatory effects of HB-EGF, it may be crit- transition from the inflammatory to the proliferative phase. In chronic, nonhealing wounds, TGF-β signaling, which is an important inducer of miR-132 expression, is attenuated (12) . This may result in the deregulation of miR-132 expression and in turn contribute to the characteristic phenotype of persistent inflammation and the failure to enter the normal proliferative phase (1, 2) . It would be important to further explore the expression and function of miR-132 in chronic wounds, since miR-132 may be an attractive therapeutic target due to its capacity to alleviate inflammation and promote keratinocyte proliferation.
Methods
Additional details are available in the Supplemental Methods. Tissue samples. To study human skin wound healing in vivo, 14 healthy volunteers were enrolled at the Karolinska University Hospital Dermatology Clinics. Two 3-mm surgical wounds (wounds 1 higher chemokine and cytokine expression levels, more neutrophil infiltration, and decreased proliferation of epidermal keratinocytes in the wounds of KO mice compared with those of WT mice, which may explain the delayed wound-healing phenotype of miR-132-KO mice. Moreover, we injected miR-132 inhibitors into the wound edges of WT mice, which also delayed wound healing, similar to what we observed in miR-132-KO mice. These data confirm that activation of miR-132 expression is important for the normal wound-healing process. Finally, we validated these in vivo data from mouse wound models in human ex vivo skin wounds. Together, we conclude that miR-132 is an essential regulator of normal skin wound healing.
In summary, we have identified miR-132 as a novel regulator of cell proliferation and inflammatory chemokine and cytokine production in keratinocytes. Upregulation of miR-132 in keratinocytes during wound healing may be critical for facilitating the p-ERK (1:200; catalog 9101; Cell Signaling Technology). Primary antibodies were detected with Alexa Fluor 564-conjugated goat anti-rabbit IgG (H+L) or rabbit anti-goat IgG (H+L) (catalogs A11071 and A21085, respectively; Life Technologies) and visualized with a fluorescence microscope (Zeiss). Keratinocyte whole-cell lysates extracted using radioimmunoprecipitation assay (RIPA) buffer, nuclear lysates extracted using a Nuclear Extract Kit (Active Motif), and cell membrane lysates extracted using a Mem-PER Plus Membrane Protein Extraction Kit (Thermo Scientific, Life Technologies) were analyzed by Western blotting with the following antibodies: anti-human p-p65 (1:1,000; catalog 3033; Cell Signaling Technology); anti-human p65 (1:1,000; catalog 6956; Cell Signaling Technology); anti-human p-STAT3 (1:1,000; catalog 9131; Cell Signaling Technology); anti-human STAT3 (1:1,000; catalog sc-8019; Santa Cruz Biotechnology Inc.); anti-human p-ERK (1:2,000; catalog 9101; Cell Signaling Technology); anti-human ERK (1:1,000; catalog 06-182; EMD Millipore); anti-human p-EGFR (1:1,000; catalog 2231; Cell Signaling Technology); anti-human EGFR (1:1,000; catalog 2239; Cell Signaling Technology); anti-human poly (ADP-ribose) polymerase (PARP) (1:2,000; catalog 556362; BD Biosciences); anti-human HB-EGF (1:1,000; catalog AF-259-NA; R&D Systems); anti-human E-cadherin (CDH1) (1:1,000; catalog 610182; BD Biosciences); anti-human p-IκBα (1:1,000; catalog 2859; Cell Signaling Technology); and anti-human IκBα (1:1,000; catalog 4812; Cell Signaling Technology). Actin expression was visualized using HRP-coupled anti-human actin antibody (1:20,000; catalog A3854; Sigma-Aldrich).
Leukocyte chemotaxis assay. Additional details on the leukocyte chemotaxis assay are provided in the Supplemental Methods.
Cell cycle analysis. A Click-iT EdU flow cytometric assay (Invitrogen) was performed according to the manufacturer's instructions and analyzed on a FACScan flow cytometer (Beckman Coulter).
Colony formation assay. Cells were seeded into 12-well plates, with a density of 8,000 cells per well 24 hours after transfection. The medium was changed every third day. After 8 days, the colonies were stained with crystal violet (Sigma-Aldrich) and photographed. Methanol was used to dissolve crystal violet, and the absorbance value was measured at 540 nm.
Gene expression microarray. Expression profiling of primary human keratinocytes transfected with 10 nM pre-miR-132 or pre-miR-Ctrl for 48 hours (in triplicate) was performed using the Affymetrix GeneChip system at the microarray core facility of KI. Further details on the microarray analysis are provided in the Supplemental Methods. The data discussed herein have been deposited in the NCBI's Gene Expression Omnibus (GEO) (45) (GEO GSE61139).
Luciferase reporter assays. Renilla luciferase reporter plasmids containing synthetic sequence repeats that are fully complementary to miR-132 (miR-132 sensor) or to the 3′-UTR of the HB-EGF gene cloned downstream of the reporter gene and empty luciferase vector were obtained from SwitchGear Genomics. The mutations were generated with the predicted target sites of miR-132 on the HB-EGF 3′-UTR using the QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, Agilent Technologies), according to the manufacturer's instructions. The NF-κB reporter plasmid pGL4.32 vector (luc2P/ NF-κB-RE/Hygro) was obtained from Promega and contains 5 copies of an NF-κB response element that drives transcription of the luciferase reporter gene luc2P (Photinus pyralis). Human primary keratino-and 2) were created at the same time on the abdominal skin of each healthy volunteer (Supplemental Figure 1A) . Twenty-four hours later, the edge from wound 1 was excised with a 6-mm biopsy punch and snap-frozen; 7 days after injury, the edge from wound 2 was collected; 31 days after wounding, the edge was excised from wound 1 again. The wound area was covered with sterile surgical film (Tegaderm; 3M Health Care).
RNA extraction and microRNA TLDA. Total RNA was extracted from tissues and cells using the miRNeasy Mini kit (QIAGEN). Skin biopsies from healthy volunteers and mice were homogenized in liquid nitrogen using a Mikro-Dismembrator U (B. Braun Biotech Inc.) prior to RNA extraction. The miRs were reverse transcribed and amplified using the multiplex RT TaqMan MicroRNA Low Density Array (Life Technologies). Further details on TLDA are described in the Supplemental Methods.
qRT-PCR. Quantification of miRs by qRT-PCR was performed as previously described (44) . miR expression levels were normalized between different samples on the basis of the values of RNU48 RNA in humans and U6 snRNA in mice. The primary miR transcripts were quantified using the TaqMan Pri-miRNA assay (Hs03303111_pri; Life Technologies). In order to quantify mRNAs, total RNA was reverse transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific Fermentas, Life Technologies). CCL20, CXCL5, CXCL1, IL8, IL1A, IL1B, TNF, MKI67, HB-EGF, TGFB1, TGFB2, SELE, and VCAM1 mRNAs were quantified by TaqMan gene expression assays (Life Technologies). Target gene expression levels were normalized between samples to the internal control 18S rRNA (forward: 5'-CGGCTACCACATCCAAGGAA-3'; reverse: 5'-GCTGGAATTACCGCGGCT-3'; probe: 5'-FAM-TGCTGGCAC-CAGACTTGCCCTC-TAMRA-3') in humans and to Gapdh (Life Technologies) in mice.
ISH. ISH was performed on frozen sections (10 μm in thickness) of skin biopsies as previously described (44) . Additional ISH details are provided in the Supplemental Methods.
Cell culture and treatments. Human adult epidermal keratinocytes were purchased from Cascade Biologics and cultured in EpiLife serum-free keratinocyte growth medium including Human Keratinocyte Growth Supplement at a final Ca 2+ concentration of 0.06 mM (Cascade Biologics, Life Technologies) at 37°C in 5% CO 2 .
To study the biological effects of miR-132 on keratinocytes, third-passage keratinocytes at 30% to 50% confluence were transfected with 20 nM pre-miR-132 or miR precursor negative control number 1 (pre-miR-Ctrl) (Ambion); 20 nM miR-132 miRCURY LNA Power inhibitor (anti-miR-132) or negative control A (anti-miR-Ctrl); and 30 nM Silencer select predesigned siRNA for HB-EGF (siRNA ID: s4353) or siRNA negative control number 1 (Ambion) using Lipofectamine 2000 (Invitrogen).
Details on the cytokine and signaling pathway inhibitor treatments are described in the Supplemental Methods.
Protein detection. Cell culture supernatant from keratinocytes was collected, and protein levels of IL-8 (BioLegend), CXCL5 (R&D Systems), CCL20 (Boster Immunoleader), and HB-EGF (Abcam) were measured by ELISA according to the manufacturer's instructions.
Immunofluorescence staining was performed on cultured human keratinocytes with the following antibodies: anti-human p65 (1:200; catalog 6956; Cell Signaling Technology); anti-human p-STAT3 (1:200; catalog 9131; Cell Signaling Technology); and anti-human jci.org Volume 125 Number 8 August 2015
Dispase II (Life Technologies) at 4°C for overnight and digested with 0.05% trypsin at 37°C for 10 minutes. Keratinocytes were collected and cultured in Medium 154CF (Cascade Biologics, Life Technologies) for 7 days, then treated with mouse TNF-α (50 ng/ml; PeproTech) for 24 hours. RNA was extracted for qRT-PCR analysis.
Human ex vivo wound model. Human skin samples were obtained from routine abdominal or breast reduction surgeries. The wounds were made under sterile conditions with a 3-mm biopsy punch on the epidermal side of the skin. The wounds were excised with a 6-mm biopsy punch and subsequently transferred to a cell culture plate containing DMEM plus 10% FBS and antibiotics (penicillin 50 U/l and streptomycin 50 mg/ml; Life Technologies). In vivo LNA miR-132 inhibitor (anti-miR-132) or negative control (anti-miR-Ctrl) (0.5 nmol; Exiqon) was dissolved in 30% pluronic F-127 gel (Sigma-Aldrich) and topically applied to the wounds immediately and 2 days after injury. Wound samples were collected 3 days after injury for histological and gene expression analyses.
Statistics. Statistical significance was determined by 2-tailed Student's t test. The P values for gene ontology enrichment analysis were calculated by Fisher's exact test for genes regulated by miR-132 in keratinocytes. A correlation between the expression of different genes in the same sample was made using Pearson's correlation test on log-transformed data. A P value of less than 0.05 was considered statistically significant.
Study approval. Written informed consent was obtained from all healthy donors for the collection and use of clinical samples. The study was approved by the Stockholm Regional Ethics Committee and conducted according to Declaration of Helsinki principles. All procedures involving mice were approved by the North Stockholm ethics committee for the care and use of laboratory animals.
